A series of polyvinylpyrrolidone (PVP) fibers loaded with paracetamol (PCM) and caffeine 18 (CAF) was fabricated by electrospinning and explored as potential oral fast-dissolving films. 19 The fibers take the form of uniform cylinders with smooth surfaces, and contain the drugs in 20 the amorphous form. Drug-polymer intermolecular interactions were evidenced by infrared 21 spectroscopy and molecular modelling. The properties of the fiber mats were found to be 22 32 33 Keywords 34 Electrospinning, nanofiber, paracetamol, caffeine, fast-dissolving drug delivery system 35 
highly appropriate for the preparation of oral fast dissolving films: their thickness is around 23 120 -130 µm, and the pH after dissolution in deionized water lies in the range of 6.7 to 7.2. 24 Except at the highest drug loading, the folding endurance of the fibers was found to be > 20 25 times. A flavoring agent can easily be incorporated into the formulation. 26 The fiber mats are all seen to disintegrate completely within 2 s when added to simulated 27 saliva solution. They release their drug cargo within around 150 s in a dissolution test, and 28 to undergo much more rapid dissolution than is seen for the pure drugs. The data reported 29 herein clearly demonstrate that the electrospun PCM/CAF fibers comprise excellent 30 candidates for oral fast-dissolving films, which could be particularly useful for children and 31 patients with swallowing difficulties.
Introduction

42
Fast-dissolving drug delivery systems (FD-DDSs) were first developed in the late 1970s and 43 rapidly gained interest in the pharmaceutical industry (Chaudhary et al., 2013; Hoffmann et 44 al., 2011). These delivery systems either dissolve or disintegrate in the mouth very rapidly, 45 without requiring any water to aid in swallowing. By releasing their drug cargo directly in the 46 mouth, they enhance bioavailability and deliver rapid onset of action (Seager, 1998) . DDSs are available in the form of tablets (Pathan et schizophrenia or Alzheimer's disease (Hoffmann et al., 2011) . 55 Sublingual films in particular have many advantages compared to other dosage forms: these 56 include rapid onset of action, avoidance of first past metabolism, and convenient and non- 57 invasive administration (Dixit and Puthli, 2009; Hearnden et al., 2012) . There are however 58 also some limitations. The relatively small surface area in the sublingual mucosa means that 59 it is possible for the drug to be washed away with saliva before it can permeate the mucosal 60 membrane. In addition, the tendency for involuntary swallowing of liquids greater in volume 61 than 200 µL can lead to the dissolved drug entering the gastro-intestinal tract rather than 62 being absorbed in the mouth. Dislodging of the formulation due to tongue movements can 63 also lead to ineffective drug delivery (Squier and Wertz, 1993 (Strickley et al., 2008) . PCM poisoning has also been increasingly recognised in 104 children (Heubi et al., 1998) . In this work therefore, we set out to prepare PCM-containing 105 oral fast dissolving films which could be safely and effectively administered to children. 106 PVP K90 was selected as a film forming agent because it is a non-ionic, biocompatible, and 107 biodegradable polymer featured on the FDA "generally regarded as safe" list (Bühler, 2005) . 108 The application of such polymers in DDSs is attractive because they have relatively well The polymer/active pharmaceutical ingredient (API) spinning solutions for used to make the 253 fiber materials F0, F1, F2 and F3 were transparent and clear. For F4, concentrated raspberry 254 flavor (2 µL / mL spinning solution) was also added to fabricate flavored nanofibers. The raspberry flavor is expected to act as a taste masking agent, hiding the bitter taste of PCM, 256 and also as a colouring agent: the spinning solution turned slightly pink upon addition of 257 raspberry flavor. Details of the solutions and resultant fibers are presented in Table 1. The   258 conductivities of the spinning solutions were measured, and found to be approximately the 259 same regardless of the drug content and the presence or absence of the raspberry flavor 260 (see Table 2 ). 261 262 3.2 Thickness of the fiber mat 263 The mean thicknesses of 3 cm diameter circular sections cut from electrospun mats of each 264 formulation lie between ca. 121 µm and 131 µm (data are given in Table 2 ). This is entirely 265 appropriate for an oral fast-dissolving film, and can be adjusted very easily by varying the Solutions prepared by dissolving a 3 cm diameter circular section of the fiber mats in 10 mL 283 deionised water were found to have pH values lying in the range 6.7 -7.2 (see Table 2 ). The fiber mats were found to be very resilient to cutting, and could be formed into a range 308 of different shapes appropriate for use as oral films. Photographs of the F4 fiber mat cut 309 into different shapes are shown in Figure 3 . to the dehydration of PVP, followed by a broad peak believed to correspond to melting of 333 PCM centred at around 150°C. The CAF melting point cannot be observed, probably 334 because of its low loading in the physical mixture. 335 The DSC thermograms of the composite nanofibers do not show any melting peaks, only a 336 broad dehydration endothermic peak ranging from 40 to 110°C, with a peak at 80 -83°C. 337 This suggested that PCM and CAF were not present as crystalline materials, but had been 338 converted into an amorphous state in the fibers. between the drug and the polymer can be probed using IR spectroscopy. 345 The FTIR spectrum of pure PCM is shown in Figure 6 (CAF fingerprint). It is hard to unambiguously assign peaks because of the complexity of the 362 spectra, but small shifts in peak positions (e.g. from 1643 in pure PVP to 1650 cm -1 in the 363 fibers) indicate that there may be intermolecular interactions between the drugs and PVP.
3.9
Molecular modelling 366 Although interactions between the APIs and polymer are suggested by the IR spectra, the 367 complexity of the spectra mean that it is impossible to characterise these in detail. for PCM and at 7.62 min for CAF. The dissolved fiber formulations show peaks at the same 387 retention times as the pure drug materials (see Figure 8 ), confirming that neither API was 388 degraded during the electrospinning process. Following construction of a calibration curve, 389 the drug loading was determined for the fibers: the results are presented in 3.11 Wetting assays and dissolution studies 395 The PCM/CAF-loaded fiber mats were found to be wetted and to disintegrate very rapidly in 396 simulated saliva. The process was recorded using a standard video camera for all 397 formulations, and using high-speed camera for F2 and F4. All the formulations appeared to 398 disintegrate within < 3 s when recorded using the standard camera, but it proved impossible 399 to discern the disintegration time more precisely. Further observations were thus carried out using a high-speed camera for the F2 and F4 fiber mats. Both were seen to disintegrate 401 within around 320 ms. This is clearly visible from the photographs given in Figure Umalkar, 2012). 406 Dissolution studies (see Figure 10) Attempts were made to fit various kinetic models to the experimental data, but these were 421 unsuccessful owing to the very rapid nature of the release processes. 422 For all the formulation studied, the CAF release is seen to be more rapid. This is consistent 423 with its higher solubility under the dissolution conditions [the respective solubilities for CAF 424 and PCM are ca. 21.6 mg ml -1 vs. 14.0 mg ml -1 in water at 25°C (http://www.drugbank.ca/)]. 425 It is also consistent with the molecular modelling results (Section 3.9) which show stronger 426 interactions between PCM and PVP than between the polymer and CAF. The difference in 427 release rate between PCM and CAF is very much less for the fiber formulations than for the 
